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Abstract
Early-type stars are predicted to excite an entire spectrum of internal gravity waves (IGWs) at the interface of their convective
cores and radiative envelopes. Numerical simulations of IGWs predict stochastic low-frequency variability in photometric
observations, yet the detection of IGWs in early-type stars has been limited by a dearth of high-quality photometric time
series. We present observational evidence of stochastic low-frequency variability in the CoRoT photometry of a sample of O,
B, A and F stars. The presence of this stochastic low-frequency variability in stars across the upper main-sequence cannot be
universally explained as granulation or stellar winds, but its morphology is found to be consistent with predictions from IGW
simulations.
1 Introduction
Massive stars play a signicant role in stellar and galac-
tic evolution theory, yet their interior rotation, mixing and
angular momentum transport mechanisms are poorly con-
strained (Maeder, 2009; Meynet et al., 2013; Aerts et al.,
2018b). Only detailed observational constraints of stellar in-
teriors provided by asteroseismology oer the ability to miti-
gate uncertainties in current stellar models (Aerts et al., 2010,
2018b). Until now, well-characterised interior radial rotation
proles have been found to be quasi uniform in main se-
quence stars with spectral types between late-B and early-F
(see e.g., Kurtz et al. 2014; Saio et al. 2015; Van Reeth et al.
2016, 2018; Ouazzani et al. 2017; Aerts et al. 2017b). Clearly a
strong angular momentum transport mechanism must be at
work within intermediate-mass stars to explain their near-
rigid radial rotation rates.
A promising candidate for the missing angular momen-
tum transport mechanism is internal gravity waves (IGWs),
which are travelling waves that are stochastically excited at
the interface of a convective region and a stably stratied
zone. It has been shown numerically and theoretically that
IGWs are ecient at transporting angular momentum and
chemical mixing within stars of various masses and evolu-
tionary stages (see, e.g. Press 1981; Talon et al. 1997; Pantillon
et al. 2007; Charbonnel & Talon 2005; Lecoanet & Quataert
2013; Rogers et al. 2013; Rogers 2015; Rogers & McElwaine
2017). These IGWs are predicted to produce stochastic low-
frequency variability in velocity and temperature spectra
near the surface of a star (Rogers et al., 2013; Rogers, 2015;
Edelmann et al., 2018, submitted).
However, there have only been a few inferred detections
of IGWs in observations (e.g. Aerts & Rogers 2015; Aerts et al.
2017a, 2018a; Simón-Díaz et al. 2018; Bowman et al. 2018)
because of the requirement of high-precision, long duration
and continuous photometry from space telescopes. More ob-
servational studies of early-type stars are required to address
the large shortcomings in the theory of angular momentum
transport that have been discovered when comparing obser-
vations of main sequence and evolved stars (Tayar & Pinson-
neault, 2013; Cantiello et al., 2014; Eggenberger et al., 2017;
Aerts et al., 2018b).
Here we discuss the results from Bowman et al. (2018) who
performed a search for IGWs in CoRoT photometry of O, B,
A and F stars, and provided a direct comparison to predic-
tions from numerical simulations of IGWs (Rogers et al., 2013;
Rogers, 2015; Edelmann et al., 2018, submitted). Furthermore,
we demonstrate the negligible systematic dierences for an
ensemble of early-type stars when characterising stochastic
low-frequency variability using amplitude spectra compared
to power density spectra. Specically, we demonstrate that
the choice of using amplitude or power density spectra does
not resolve the discrepancy between the observed morphol-
ogy of the stochastic low-frequency variability in early-type
stars with the morphology predicted by the granulation scal-
ing law derived from solar-like oscillators.
2 Characterising stochastic low-frequency
variability in photometry
Low-frequency stochastic variability with periods of or-
der days is seemingly ubiquitous in massive stars (Balona,
1992; Walker et al., 2005; Rauw et al., 2008; Blomme et al.,
2011; Buysschaert et al., 2015), especially when consider-
ing the low Fourier noise levels obtained from continuous,
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long-term space photometry. This low-frequency variability,
sometimes referred to as red noise, has been demonstrated
to be of an astrophysical origin and can arise from dierent
non-mutually exclusive physical phenomena, which are can
either be dominant or negligible dependent on a star’s loca-
tion in the HR diagram. These phenomena include:
• granulation (e.g. Michel et al. 2008; Kallinger &
Matthews 2010; Chaplin & Miglio 2013; Hekker &
Christensen-Dalsgaard 2017);
• stellar winds (e.g. Puls et al. 2006; Ramiaramanantsoa
et al. 2018; Krtička & Feldmeier 2018);
• damped pulsation modes (e.g. Dziembowski & Pamyat-
nykh 2008; Aerts et al. 2011; Aerts & Rogers 2015).
2.1 Morphology of photometric red noise
For a systematic search for IGWs across the Hertzsprung–
Russell (HR) diagram, Bowman et al. (2018) assembled a sam-
ple of 35 stars with spectral types between O and early-F ob-
served by CoRoT (Auvergne et al., 2009). Each star has a light
curve which ranges in length between ∼25 and ∼115 d with
a median cadence of approximately 32 s (Michel et al., 2006).
For stars in the sample with S/N ≥ 4 coherent pulsation
modes (Breger et al., 1993), iterative pre-whitening was per-
formed to extract peaks using a non-linear least-squares t
to the light curve (see, e.g. Degroote et al. 2009; Kurtz et al.
2015; Bowman 2017) with the cosinusoid model of:
∆m = A cos (2piν (t− t0) + φ) , (1)
whereA is the amplitude (mmag), ν is the frequency (d−1), t
is the time (d), t0 is the zero-point of the time scale and taken
to the middle of the light curve, andφ is the phase (rad). After
removing the signicant peaks via iterative pre-whitening,
Bowman et al. (2018) used the residual light curves to cal-
culate power density spectra in which the morphology of
the low-frequency stochastic variability was tted using the
Lorentzian function:
α (ν) =
α0
1 +
(
ν
νchar
)γ + Pw , (2)
where α0 is a scaling factor and represents the amplitude
at zero frequency, γ is the gradient of the linear part of the
model in a log-log plot, νchar is the characteristic frequency
and Pw is a frequency-independent (i.e. white) noise term.
The characteristic frequency (i.e. the frequency at which the
amplitude of background equals half of α0) is the inverse of
the characteristic timescale: νchar = (2piτ)−1.
We show examples of the resultant best-t models using
Eq. (2) of four stars, the O4 V star HD 46223, the O9.2 V
star HD 46202, the B9.5 V star HD 174967, and the A3 V
star HD 174990, using amplitude spectra and power density
spectra in the left and right columns of Fig. 1, respectively.
For stars which underwent pre-whitening of signicant (i.e.
S/N ≥ 4) frequencies from their original light curves, the
spectra of the original and residual light curves are shown
in orange and black, respectively. Clearly, the CoRoT pho-
tometry of main-sequence stars with spectral types that
range between mid-O to early-A reveals signicant low-
frequency stochastic variability that is well-characterised by
a Lorentzian in an amplitude or power density spectrum,
which given the large parameter space of the stars cannot
be unanimously explained by granulation or stellar winds.
2.2 Excluding granulation for early-type stars
Originally discussed in detail by Kjeldsen & Bedding
(1995), the characteristic granulation frequency can be esti-
mated using the scaling relation:
νgran ∝ cs
Hp
∝M R−2 T−1/2eff , (3)
where νgran is the granulation frequency, cs is the sound
speed,Hp is the pressure scale height,M is mass,R is radius,
and Teff is the eective temperature. As demonstrated by
Kallinger et al. (2014) for thousands of solar-like oscillators, a
tight correlation exists between νgran and the stellar parame-
ters, such that Eq. (3) is valid for stars on the red giant branch.
Similarly, from a Lorentzian t to the power density spectra
of the evolved A stars HD 50844 and HD 174936, Kallinger
& Matthews (2010) demonstrated that the characteristic fre-
quencies, νchar, of the red noise in these stars were also con-
sistent with granulation scaled to higher masses. However,
two evolved A stars are hardly representative of all early-
type stars, with no similar pulsating A stars, i.e. δ Sct stars,
observed in the Kepler data set (see e.g., Balona 2014; Bow-
man & Kurtz 2018). If the use of the granulation scaling re-
lation in Eq. (3) is physically justied for the (sub-)surface
convective zones of intermediate- and high-mass stars, one
would expect a similar smooth and tight correlation between
the measured νchar and the stellar parameters.
To investigate if the observed low-frequency variability
observed in their sample of early-type stars could be ex-
plained by granulation, Bowman et al. (2018) found that the
majority of stars had measured νchar values that were an or-
der of magnitude smaller than the predicted characteristic
granulation frequency as predicted by Eq. (3) for their spec-
troscopic parameters. In Fig. 2, we summarise the variance
in the morphology of the observed red noise across the sam-
ple of early-type stars, and specically how the morphology
of the stochastic low-frequency variability in these stars de-
pends on the stellar parameters. In Fig. 2, the distribution
of measured νchar values as a function of the stellar parame-
ters is shown, with the solid grey line indicating the predicted
granulation frequency of the Sun scaled to dierent stars, for
which the left and and right panels correspond to if the best-
tting model using Eq. (2) was applied to amplitude spectra
or power density spectra, respectively. Stars with insucient
time spans of CoRoT data to resolve the complex beating pat-
terns of close-frequency pulsation modes (see e.g. Bowman
et al. 2016), or complex window patterns that bias the best-
tting model are shown as white triangles in Fig. 2. We refer
the reader to Bowman et al. (2018) for a thorough discussion
of the sample of stars being plotted in Fig. 2.
For stochastic low-frequency variability, it is typical to
use Fourier spectra in ordinate units of power density (e.g.
ppm2/µHz) as opposed to amplitude (e.g. ppm or mmag),
such that limitations and biases imposed by dierent stars
having light curves of dierent lengths are avoided. Al-
though the dierences in the best-t parameters from Eq. (2)
can be signicantly dierent depending on whether the
choice is made to use amplitude spectra or power density
spectra for an individual star, it is clear that the ordinate units
of the spectrum has little impact on the systematic disagree-
ment between the measured νchar values and the expected
granulation frequencies for the ensemble of early-type stars
shown in Fig. 2. Therefore, irrespective or using amplitude
spectra or power density spectra, the majority of early-type
stars in Fig. 2 have νchar values that are approximately an
order of magnitude smaller than expected for granulation,
thus their stochastic low-frequency variability appears to be
inconsistent with granulation.
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Figure 1: From top to bottom: the logarithmic spectra of the O4 V star HD 46223, the O9.2 V star HD 46202, the B9.5 V star
HD 174967, and the A3 V star HD 174990 using CoRoT observations. The left and right columns show amplitude and power
density spectra, respectively. For stars in which pre-whitening was applied (e.g. HD 174967, HD 46202, and HD 174990), the
spectrum of the original light curve is shown in orange, and the spectrum of the residual light curve is shown in black. Since no
signicant peaks exist in the spectra of HD 46223, only the spectra of the original light curve are shown in black. The best t in
each panel was obtained using Eq. (2) to each spectrum is shown as the solid green line. This gure is adapted from Bowman
et al. (2018).
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Figure 2: Morphology of stochastic low-frequency variability using amplitude spectra (left panel) and power density spectra
(right panel). The distribution of measured characteristic frequencies, νchar, as a function of stellar parameters are given in
solar units. The grey line represents the granulation frequency scaled using Eq. (3) with the Sun’s location indicated by the 
symbol. The circles have been colour-coded by a star’s spectroscopic luminosity and the size of the symbol is proportional to
the tting parameter, α0. Stars with insucient CoRoT data for a robust determination of γ are shown as white triangles. This
gure is adapted from Bowman et al. (2018).
2.3 Photometric evidence of IGWs
Neither strong stellar winds nor granulation are able
to ubiquitously explain the presence of stochastic low-
frequency variability across spectral types ranging from mid-
O to early-A. On the other hand, IGWs are predicted to be
excited in all stars on the main sequence with a convective
core, i.e. M & 1.5 M. Numerical simulations of IGWs pre-
dict the spectrum of the low-frequency variability to have an
exponent approximately between −1 and −3 depending on
the rotation rate and interior dierential rotation prole of a
star (Rogers et al., 2013; Rogers, 2015; Edelmann et al., 2018,
submitted). The distribution of the measured γ values (c.f.
Eq. 2) when applied to amplitude and power density spectra
are shown in the top and bottom panels of Fig. 3, respectively.
Almost all stars in the sample have low-frequency stochastic
variability characterised by a Lorentzian with γ ≤ 5.
As demonstrated in Fig. 2, the stochastic low-frequency
variability observed in early-type stars appears inconsistent
with granulation. This is also supported by the dierence
in the scatter of γ values for amplitude and power den-
sity spectra shown in Fig. 3. The disparity in measured
νchar values from the granulation scaling relation shown in
Fig. 2 when using power density spectra and the conclusion
that the observed stochastic low-frequency variability is not
caused granulation is further supported by the narrow range
in γ values in Fig. 3 obtained using amplitude spectra. The
small range in observed γ values implies a common under-
lying physical mechanism that is driving the observed low-
frequency variability, which is linked to temperature vari-
ability at the surface of the star and observed in photometric
amplitude spectra.
Recent theoretical work and 3D numerical simulations of
IGWs triggered by turbulent convection in a Cartesian model
by Couston et al. (2018) predict a similar power-law fre-
Figure 3: The distribution of γ values (c.f. Eq. 2) for amplitude
(top panel) and power density spectra (bottom panel).
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quency spectrum as that of Lecoanet & Quataert (2013), with
a frequency exponent of −13/2 (corresponding to γ = 6.5).
This is much steeper than the power-law predicted by 3D
simulations of core convection in a 3-M star by Edelmann
et al. (2018, submitted), which take into account the spherical
conguration, as well as an appropriate density stratication
from a realistic stellar model. The 3D spherical simulations of
Edelmann et al. (2018, submitted) predict an IGW frequency
spectrum with a frequency exponent between −1.5 and −3
(i.e. γ ∈ [1.5, 3]), which is similar to the simulations of core
convection by Rogers et al. (2013) and Augustson et al. (2016).
The analysis of CoRoT stars with convective cores leads to
γ ≤ 5 for the majority of well-characterised stars (Bowman
et al., 2018), which we conclude is observational evidence for
IGWs in the photometry of early-type stars.
3 Discussion and Conclusions
Previous small-sample studies of O and B stars have de-
tected astrophysical red noise in the photometry of these
stars (e.g. Blomme et al. 2011). However, the physical origin
has, until recently, always been attributed to the assumed
presence of a strong, dynamical, clumpy stellar wind. This
may be plausible for the most massive stars, but stellar winds
is unlikely to explain the stochastic low-frequency variability
in late-B and A stars. Furthermore, there is a growing num-
ber of upper-main sequence stars for which photospheric
variability in the form of IGWs appears to be strongly cou-
pled to the observed wind variability, such that it is becom-
ing increasingly more important to combine photometric and
spectroscopic data of massive stars to disentangle the phys-
ical mechanisms causing the observed variability (e.g. Aerts
et al. 2017a, 2018a; Simón-Díaz et al. 2018).
For a sample of O, B, A and F stars observed by CoRoT, the
majority of these stars have stochastic low-frequency vari-
ability with a parameterisation that is inconsistent with gran-
ulation by more than an order of magnitude. Furthermore,
the frequencies and the distribution of the measured γ val-
ues for these stars are in agreement with predictions of IGWs
from numerical simulations (Rogers et al., 2013; Rogers, 2015;
Bowman et al., 2018). Therefore, from the measured distri-
butions of νchar and γ values shown in Figs 2 and 3, respec-
tively, we interpret the stochastic low-frequency variability
in these stars to be caused by IGWs. This is supported by sev-
eral main-sequence B stars having signicant low-frequency
variability in their spectra, yet these stars exist within a pa-
rameter space on the HR diagram for which granulation and
stellar winds should be negligible. Regardless of the inter-
pretation of the stochastic low-frequency variability found in
early-type stars, valuable constraints on the individual am-
plitudes and frequencies, and the morphology of the back-
ground IGW spectrum can be placed for dierent stars across
the HR diagram.
In the future, the detection of stochastic low-frequency
variability in early-type stars at dierent evolutionary phases
will be possible because of the ongoing TESS mission (Ricker
et al., 2015), which was launched on 18 April 2018 and is an
all-sky survey mission that will observe hundreds of massive
O and B stars. Therefore, the morphology of IGWs across the
upper-main sequence can be probed as a function of mass
and age for a much larger sample, and provide the obser-
vations for the calibration of the next generation of stellar
evolution models that include angular momentum transport
caused by IGWs.
The work presented here is described in further detail in
Bowman et al. (2018).
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